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Ben Lee

® First paper with "Higgs phenomena”
in title (1971)

e Upper bound on Higgs mass from
unitarity "Lee-Quigg-Thacker bound”

e Classic "Lee-Weinberg” bound on
neufral lepton masses

1935-1977 e Series on renormalizabilty of
gauge theories

"1, personally, know of no one who claimed to understand the details of 't Hoofts paper.
Rather we all learned it from Ben Lee, who combined insights from his own work”

Politzer Nobel Lecture



Outline

Higgs in Standard Model

Jet Substructure applied to h -> bb @ LHC
Higgs in new physics:

i) SUSY

ii) fop-partners

Discovery of Higgs in new physics events

Summary



Outline

e Higgs in Standard Model



95 % CL Limit/SM

Era of Higgs Physics
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"Almost” discovery (or rule out)
within 1-2 years
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EW Precision => SM Higgs is Light
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Branching Ratios of SM Higgs
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Pesky region is 115 < my < 125 GeV
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Search Channels 115 < my < 125 GeV

Y BR(h -> YY) = 1-2 x 1073
h ...........

Y loop suppressed

T
h -eeeeeeee < BR(h -> TT) = 5-7 x 10°°

y+ = 0.01 suppressed

Until 2008, was thought that
BR(h -> bb) = 0.7-0.9
lost in the QCD background.



Outline

e Jet Substructure applied to h -> bb @ LHC



Jet Substructure

Much activity in past 2-3 years...

‘ ‘ BOOST2010

-~ ® WELGOME | Sy 1114
K ]"‘*‘»“'l: Aq\

Home Page
Agenda Dates: 22-25 June 2010
b Participants Boost 2010 is a continuation of the successful small-scale workshop Boost 2009 held at SLAC in July
N | UKLV Transport 2009. The workshop addresses new physics signatures involving highly boosted objects which can
\ . : VO ] i | ( : N ) evade standard event reconstruction techniques due to their decay products being observed as single
! iwe / o{ ( . H 083 TLEPRARE Lheth WS HAAY \ \ #7) Accommodation objects within the detector.
| ! | (e |} i\ )

Local Facilities

The purpose of the workshop is to bring together leading theorists and experimentalists with the aim of

Committee better understanding the physics behind these signatures and how to detect them. The topics covered
( Contact include, but are not limited to, boosted tops (“t-tagging"), "lepton jets" and boosted Higgs, W and Z
N\ bosons. This workshop will particularly explore what can be learnt about the tools and theory, and what
Givin g New Ph ysics a Boost | o B\ ‘ 3 AN ‘| Previous Meetings measurements need to made in the coming year before Boost 2011, as the LHC era begins.
Tge n\ext { o\p ALY Y L A P es bt ;:he\ e\ e In addition to talks, there will be discussion sessions. This discussion will be broadly divided into two
i - . o -y PR PS\Y v | Payment working groups: one dedicated to boosted states decaying to leptons and one dedicated to boosted
ThurSday and Frlday, JUIy 9-10, 2009 from 8:00 am to 5:00 pm. speclal focus concerns strategles to use jet substructure to both states decaying to hadrons.
Kavli Auditorium rediscover the Standard Model (e.g., can we find top quarks as

SLAC National Accelerator Laboratory single jets in the first LHC data, or at Fermilab?) and to search ~
for new physics. The workshop will also include a discussion of N
the challenging issue of calibrating the measurements of jet OrthweSt Terascale ResearCh PrOJeCts
substructure (e.g.,, masses) on the experimental side, and
better formalisms for describing jet substructure on the theory

side.

Using jet substructure to find new physics at the LHC

University of Oregon
31 January - 4 February 2011

January 12-14, 2011
Jefferson Laboratory, Harvard University

ORGANIZERS
Harvard

The Boost 2011 conference will be held in May (5/23/11 - 5/27/11) at Princeton University,
hosted by the Princeton Center for Theoretical Science. As with prior conferences in the
Boost series, the weeklong event will focus on bringing together theorists and
experimentalists for in-depth discussions of jets, jet substructure, and jets in more exotic
contexts (e.g. lepton jets).

Johns Hopkins

This workshop will focus on improving our ability to use jets

in collider physics applications. It will bring together theorists
working on both analytic and Monte Carlo jet physics, and
experimentalists working to measure jet properties, with the goal of
maximizing the physics potential of jet measurements at the LHC.




Jet Substructure

Extract more information out of jets.

Enhance S/A/B for massive objects
decaying to jets over QCD background.
(the boosted advantage)



No Boost versus Boost

&

R = A/Ay2 + A2




Boosted Higgs Decay

Consider my = 120 GeV;

pT > 200-300 GeV

=> AR = 1.2-0.8

Jet areas begin to overlap!

2 Mp

AR =

pT

R = A/Ay2 + A2



Advantage over Backgrounds

QCD Boosted Higgs Decay
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"Fat Jet” contains multiple hard partons with
distinguishable kinematic properties



Jet Substructure and Filtering

Butterworth, Davison, Rubin, Salam [BDRS: 0802.2470]
proposed a set of techniques to find h -> bb by
precisely exploiting the S/./B advantages of “fat jets”.

The basis of their techniques involves using an iterative
jet clustering algorithm (C/A), examining subjet
Kinematics step-by-step, and finally choosing the
“best” subjets from which to form the fat jet mass.



Fat Jets

2 my m. 200 GeV

Gi AR = = 1.2
ven oT 120 Gev  pT

Let C/A clustering algorithm

proceed up to R = 1.2, to
capture both b jets into one

fat jet, requiring pT > 200 GeV. b
/
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Jet Decomposition Cartoon

fat jet

with jet mass: m;



Jet Decomposition Cartoon

undo clustering

—
—

In C/A, this came from two jets with
Jet masses mj > mj2



Jet Decomposition Cartoon

repeat unclustering:

—

I

four jets with masses: mji > mji2, mjz1 > Mj22



Higgs Jet Identification

1) check for "mass drop”

mit < 0.68 m;? Expect drop for

heavy particle decay

2) check "asymmetry”

. (2 2
mm(pt, D )
— gl = "j2 2
Yy = m? AleJé > Yeut

J

Yeut = (03)2

Tends to reject soft/colinear
QCD contamination

3) require both subjets b-tagged



Filtering

4) Filter the subjets to reduce underlying event
contamination:

e tfake 3 highest pT subjets
(“third” captures leading
parton shower gluon)

e recluster subjets with

Rij1jz,i3 = min(Rpb/2,0.3)

Higgs Candidate Mass formed from
3 highest pT subjets



Production: Higgs-strahlung

Require Higgs is boosted
pT(h) > 200 GeV

q wz (only 5% of Zh/Wh cross section
>~M/u\’"\r e 1Ty
El(‘) h Leptonic decay of W/Z into

|lIbb, |Vbb, vVvbb.



Events / 8GeV / 30fb™'

BDRS Result
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ATLAS Simulation
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Strongly Motivating!

. Channel | signal | ¢; w; zi | S/ VB
background uncertainty 10D 534 098] 00 [ 11.2] 15
[vbb 13.5 | 7.02 | 12.5 | 0.78 3.0
vvbb 16.3 | 45.2 | 274 | 31.6 1.6
] | Combined 3.7
o Ow 0. Significance
Perfect | Perfect | Perfect 3.7 » 10/15 % uncertainty considered
5% | 5% | 5% 3.5 as realistic:
0% | 10% | 10% 3.2 ‘
15% 15% 15% 3.0 * Median discovery significance:
20% 20% 20% 2.8 3.0-3.2

b-tagging efficiency (better for subjets!)
underlying event
pile-up; at 10°* cm=2s™! mass resolution of

Higgs degraded with C/A; more elaborate
techniques?
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e Higgs in new physics:
i) SUSY
ii) fop-partners



Outline

e Higgs in new physics:
i) SUSY
ii) fop-partners



Weak Scale Supersymmetry

Standard particles SUSY particles

’ Leptons . Force particles Squarks Q Sleptons 0 SUSY force

' Quarks
' particles

"Minimal Supersymmetric Standard Model (MSSM)”



Higgs Sector of MSSM

quartic coupling  defermined! up to radiative
A g° + (g')° corrections
= + +
2
¢ _ M ’fanB - | + vi* log msi/my
tan<p + 1 (schematic)



m,; (GeV)

h is light
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Carena, Haber Higgs report 2002



Superpartner Decay to Higgs

SUSY with a gravitino

LSP and Higgsino NLSP: SUSY with a Higgsino LSP:

a4

ofgf ~ o~ /
~ BW* 0 aaams

h h,z,w*"

i:i+-0

I

BR up to 50% BR = 25%

Kinematical requirement

M > MG + My Mwino > M + Mh
> 120 GeV > 100 + 120 = 220 GeV



Squark Production to Gauginos
(which then decay to Higgs)

typical o(squarks)is rev = several pb!!



Outline

e Higgs in new physics:
i) SUSY
ii) fop-partners



Top Partners

little Higgs models, top color, ...
Vector-like pair of quarks T(3,1,2/3), T(3,1,-2/3)

t "Goldstone region”

for m(+") » m(t)
/ ~ 25% of time decay
to h
=~ 75% of time to

| h longitudinal W/z

Kinematical requirement
M+ > M+ + Mpy
> 175 + 120 = 295 GeV



Key Advantages of New Physics Source

e Production source can be QCD (enhanced!)

e Cascade decays from heavy new particles leads
to significant boost for a large fraction of events

e In MSSM, Higgs Is always light

(in other models, lighter Higgs
consistent with EW precision data)



Outline

e Discovery of Higgs in new physics events



New Physics Production -- Busy Events!

B\R+-0 H New physics events tend
o ' / to be "busy” with a lot of
? Tk hadronic activity from
9 squark/gluino/top-partner
) decay and associated
parton showers.
f' g
h Can have extra hard subjets

in "fat jet” cone!

Similar problem also with t,tbar,h!

Plehn, Salam, Spannowsky



Our New Step
Search Jet Daughters for Maximal “Similarity”

At each stage of unclustering,
calculate “similarity”:

min (p?jl 719?3-2)
Si = - AR, j,
(ptjl + Py, )

Choose 3 highest pT jets from stage which maximizes "S”

This helps improve the efficiency of finding the Higgs by
~ 10-20% by not rejecting fat jets with stray b-tagged jet.



Simulation detalils...

Background: ALPGEN —— PYTHIAG4 underlying event:
Signal: SUSPECTZ — PYTHIAG4 ATLAS tune

+ All final-state hadrons grouped into
cells of size (An x A¢) = (0.1 x 0.1)

» Each cell is rescaled to be massless
this wmodels detector response (Thaler, Wang ‘08)

jet gymnastics performed using Fast)et (hep-ph/0512210)

b-tagging: 60% efficiency, 2% fake rate

jet-photon fake rate: .1%




Example 1: MSSM with Higgsino LSP
10 fb! @ 14 TeV

455_ W it + jets
 20F =Eh5_ t
~ + |els ~
gaﬁf— -Z+iilats le,g ———— | TGV
- W+ bb
Eﬂﬂ; .§+5hE
[ usy ~
@ 25F Mg,
8o
S 15 My ———————] 600 GeV
T of
L My | 300 GeV
% 60 80 100 120 140 160 180 200 220 ‘:u‘ GeV
candidate resonance jet mass (GeV)

GK, Martin, Roy, Spannowsky; 1006.1656
BR(uy,dr, — h+ X) ~ 23%
MET > 300 GeV, Ht>1 TeV, 3+ jets, BR(iir,dr — h+ X) ~ 16%

no lepton, + 1 "tagged” Higgs



# candidate res. jets/9.0 GeV

"What good is that fancy substructure?”

Comparison™: with substructure analysis vs. with PGS

L=10fb",\'s=14 TeV

mtt + jets

45 . B
40 ™ ttbb [ EW +jets
- MW + jets > [ Z+hb
35 W Z+jets & ool BmSusY
- W + bb o i
SD:— Z + bb N
- B susy B -
25— = 15_
- o
- >
20— L
: S 1o}
15 o [
u Q2 B
10 = B
- = 50
5 N

60 80 100 120 140 160 180 200 220 QLO 60 80 100 120 140 160 180 200 220
candidate resonance jet mass (GeV) M.~
bb

Hpr > 1TeV, Er > 300 GeV Hy>1TeV, Er > 300 GeV

3" high-pr jets, no leptons 4% high — pr jets, no leptons

1 candidate Higgs 2+ b-tags
(Stolen from A. Martin slides) *not totally fair



# candidate res. jets/9.0 GeV

Example 2: MSSM with ma = 200 GeV

10 fb! @ 14 TeV

- AT + jets
50— il

- -ttwhh t

_ W +jets B
a0l W Z+jets mQ1,z

- W +bb

i Z+bb 5

i [ susy ma,
30

- Mo
20F

§ M,
’ 1

=

80 100 120 140 160 180 200 220 240
candidate resonance jet mass (GeV)

GK, Martin, Roy, Spannowsky; 1006.1656

Could discover heavier A,H states!

600 GeV

300 GeV
150 Gev




Example 3: Higgs from Top-Partners

t always one top quark
P h short cascade:
~ Higgs pt ~ M1/2

(vs. ~M1/4 for MSSM)

W)z
b + additional gauge boson/top

Unlike SUSY, require multiple “"tags” involving
the varied final states, including
boosted top and boosted W tagging.

4* bs, many jefts!



Example 3: Higgs from Top-Partners

( input event )

! ! !

(0 tagged top) (1 tagged top) ( 2" tagged top )
(] lepton N ( 2 lepton ) ( Llepton [ 2*lepton 17 lepton
; L:gegtzd Wiz e 1" b-jets e 1" b-jet e 1" b-jet e 1" b-jet

.

J

(.

J/

\.

J/

\.

J

.

S

| |
(ch2 ) (ch3 ) (chsa ) ( chs )
! l l l

Higgs tagger )

(ch1 )

—

Different pathways better for different t' masses.



80

# candidate res. jets / 8 GeV

25

20

10

# candidate res. jets / 8 GeV

Top partner production & decay:

Wit + jets

m, = 400 GeV

[ tt+bb
Ultsz

B z®) + jets
Bz +bb
BT

40 60 80 100 120 140 160 180 200
resonance jet mass [GeV]

Wit + jets
[ ti+bb

m; = 800 GeV

[ ttsz

B z®) + jets
Bz +bb
BT

60 80 100 120 140 160 180 200
resonance jet mass [GeV]

10 fb! @ 14 TeV

©
o

m; = 600 GeV

# candidate res. jets / 8 GeV
oc o 8 8 8 8 8 3 8

40 60 80 100 120
resonance jet mass [GeV]

160

Wt + jets
[ tt+bb
ez
Bz®) + jets
Mz +bb
BT

m, = 1000 GeV

# candidate res. jets / 8 GeV

40 60 80 100 120
resonance jet mass [GeV]

GK, Martin, Roy; 1012.2866

160

Witt + jets
[ tt+bb
Utz
Bz®) + jets
Bz +bb
BT

180 200

180 200



Summary

e Jet substructure techniques are revolutionizing
search for complicated hadronic final states

® MSSM h ideal candidate; large rate from squark
production; large boost from cascade decay.
Could discover h faster than SM!

Rethink ma -tan(b) plane!!

e Top-partners produced with large rate; large boost;
large decay fraction into Higgs; can also help discover
and measure top-partner properties.

e Remarkable opportunities -- requires validation



W Well

Adam Martin Fermilab postdoc

Tuhin Roy UW postdoc

)

Michael Spannowsky UO->SLAC postdoc

"Discovering the Higgs Boson in New Physics Events using Jet Substructure”
0912.4731 [PRD 2010]

"Discovering Higgs Bosons of the MSSM using Jet Substructure”
1006.1656 [PRD 2010]

"Higgs Discovery through Top-Partners using Jet Substructure”
1012.2866



